Surface recombination of plasma radicals is generally considered to limit film conformality during plasma-assisted atomic layer deposition (ALD). Here, we experimentally studied film penetration into high-aspect-ratio structures and demonstrated that it can give direct information on the recombination probability r of plasma radicals on the growth surface. This is shown for recombination of oxygen (O) atoms on SiO 2 , TiO 2 , Al 2 O 3 , and HfO 2 where a strong material dependence has been observed. Using extended plasma exposures, films of SiO 2 and TiO 2 penetrated extremely deep up to an aspect ratio (AR) of ∼900, and similar surface recombination probabilities of r = (6 ± 2) × 10 −5 and (7 ± 4) × 10 −5 were determined for these processes. Growth of Al 2 O 3 and HfO 2 was conformal up to depths corresponding to ARs of ∼80 and ∼40, with r estimated at (1−10) × 10 −3 and (0.1−10) × 10 −2 , respectively. Such quantitative insight into surface recombination, as provided by our method, is essential for modeling radicalsurface interaction and understanding for which materials and conditions conformal film growth is feasible by plasma-assisted ALD.
■ INTRODUCTION
Atomic layer deposition (ALD) is a well-established technique used for the synthesis of ultrathin conformal films with atomiclevel thickness control. 1, 2 This high level of conformality and thickness control is enabled by the self-limiting nature of the alternated precursor and coreactant steps. Plasma-assisted ALD, in which plasma is used as the coreactant, has further extended the capabilities of ALD, for instance, in terms of lowtemperature processing and the number of materials deposited by ALD. 3, 4 Examples of materials that have received notable interest are TiN and TaN as metal electrode and diffusion barriers, respectively, 5 SiO 2 and TiO 2 as spacer materials for self-aligned patterning, 6, 7 and HfO 2 as a high-k dielectric. 8 In particular, the usage of SiO 2 in self-aligned multiple patterning has led to the breakthrough of plasma ALD in high-volume manufacturing. 4, 6 For this application, plasma ALD enables the growth of SiO 2 at low temperature while providing the required high level of film conformality. Still, it is commonly believed that conformal film growth by plasma ALD is typically challenging due to the loss of reactive plasma radicals through surface recombination.
A theoretical understanding of the impact of surface recombination on film conformality during plasma ALD has been obtained in the literature, for instance, by Knoops et al. 9 and Dendooven et al. 10 using Monte Carlo simulations and by Yanguas-Gil and Elam 11 using a continuum model. In these models, a surface recombination probability r is used to describe the probability that a radical recombines upon collision with the growth surface where r typically ranges over several orders of magnitude from 10 −5 up to 10 −1 . 9 Importantly, it has been shown that r has a strong impact on the dose of plasma radicals needed to reach film saturation on high-aspect-ratio structures. 9, 11 Moreover, it has been established that surface recombination often limits the aspect ratio (AR) up to which conformal film growth is practically achievable. 9, 10, 12 Still, quantitative information on r is barely reported in the literature and is typically only obtained by complex and indirect measurement techniques. However, such information is vital for modeling and predicting the film conformality obtained by plasma ALD processes.
In this article, we address this issue by determining surface recombination probabilities directly from the measured film conformalities. We theoretically show that the AR up to which film growth is achieved can be directly related to the value of r under typical process conditions. This is experimentally demonstrated for the recombination of oxygen radicals during plasma ALD of SiO 2 , TiO 2 , Al 2 O 3 , and HfO 2 where we observe a strong material dependence.
■ MODELING
To derive the relation between the surface recombination probability and the penetration depth of a film grown by plasma ALD, we have adopted the continuum model reported by Yanguas-Gil and Elam (see the Supporting Information), which describes (plasma) ALD on one-dimensional high-AR structures with a constant diffusion coefficient D (m 2 s −1 ). 11, 13 In this reaction−diffusion model, the evolution of gas-phase reactant density n(z, t) (m −3 ) and surface coverage θ(z, t), defined as the reacted fraction of available reaction sites, 11, 13, 14 is described by the following dimensionless equations:
(1)
Here, the distance z (m) into the high-AR structure is normalized by the total structure length L (m) such that ξ ≡ z/ L, the reactant exposure time t (s) is made dimensionless by τ ≡ tD/L 2 , and ñ≡ n/n 0 represents the gas-phase reactant density normalized by the density n 0 (m −3 ) at z = 0. Furthermore, η and γ are defined
is the surface to volume ratio of the structure (m −1 ), v th is the mean thermal velocity (m s −1 ), and A 0 is the average effective area (m 2 ) of an adsorption site, which can be calculated from the growth per cycle (GPC). 11, 15 The parameter η represents the ratio between the collision rate with the growth surface and the diffusion rate into the high-AR structure, while γ describes the number of reactant molecules simultaneously present in the structure per adsorption site. Aside from these mainly geometrical parameters, the evolution of n and θ is governed by the initial sticking probability s 0 (also referred to as initial reaction probability β 0 ) 11 and recombination probability r of the reactant upon collision with the growth surface. Note that here the surface chemistry is simplified by the adopted irreversible Langmuir model 11, 13, 14, 16 and by assuming first-order recombination kinetics. 11 Accordingly, the term −ηs 0 (1 − θ)ñdescribes the loss of gas-phase reactant species through sticking reactions, providing film growth in a self-limiting way, while the term −ηrñdescribes the loss of reactive (co-)reactant species through surface recombination, which continues also after saturation of the surface coverage.
The impact of surface recombination on conformal plasma ALD is illustrated in Figure 1 where the shown radical density profiles and surface coverage outlines are computed using eqs 1 and 2. For these calculations, molecular flow (Knudsen approximation) in trenches with AR = 2000 and γ ≪ 1 is assumed, 11, 13 with an initial sticking probability of s 0 =10 −4 . The displayed results are representative for plasma ALD on the microscopic lateral high aspect ratio (LHAR) structures used in this work (PillarHall LHAR generation 3 and 4, developed by Puurunen and co-workers). 13,15,17−21 These trenches with extremely high AR values are formed by a polysilicon membrane, which is suspended above a c-Si substrate using a network of Si pillars. As a result, the LHAR trenches are oriented horizontally such that film growth by nondirectional plasma radicals is obtained while excluding the directional ions. A schematic cross-sectional side view of a PillarHall LHAR structure is given in Figure 1a , also showing an illustrative radical density profile and film coverage. Figure 1b ,c shows the actual simulation results for different values of r and plasma exposure time t (a.u.), respectively. As expected, the film penetration depth decreases with r and increases with t. More strikingly, Figure 1c shows that a steady-state exponential decrease in radical density is developed where the flux of incoming radicals is balanced by the recombination loss to the sidewalls. In this "recombination-limited" growth regime, 9 an exponential increase in t is required to linearly increase the film penetration depth.
While eqs 1 and 2 combined describe plasma ALD on a high-AR structure, only eq 1 is needed to predict the film penetration depth. This penetration depth is typically limited by the plasma half-cycle, for which n corresponds to the density of reactive plasma radicals. As discussed above, the plasma half-cycle is characterized by a recombination-limited growth regime where ≈ τ ∂∂ 0 n . Moreover, in this regime,
such that the recombination loss −ηrñis much larger than the reaction loss −ηs 0 (1 − θ)n. Note that this is not only the case for a large r but also when film saturation is approached (i.e., θ → 1) in the region that needs to be passed by the radicals when diffusing to the growth front. The value of s 0 can therefore affect the shape of the coverage profile 11, 13, 14 but typically has a negligible effect on the penetration of Using the boundary conditions n(0) = n(0)/n 0 = 1 and ξ = ξ→∞ n lim ( ) 0, eq 3 is solved to obtain a general expression for the recombination-limited radical density profile in a high-AR structure:
This exponential decrease in radical density is in line with Monte Carlo simulations reported by Knoops et al. 9 and can be used to obtain an expression for the 50% thickness penetration depth (PD 50% ) 22 as a function of the plasma exposure time t used in the ALD cycle. For this expression, we define the normalized penetration depth ξ 50% ≡ PD 50% /L as the depth at which the dose of radicals needed for 50% saturation has been reached. Since the radical dose is proportional to n(ξ)t, we can state that n(ξ 50% )t = n 0 t 50% , where t 50% is defined as the 50% saturation time at the entrance of the high-AR structure where n(ξ) = n 0 . Using eq 4 for n(ξ 50% ), this gives
50% , which is rewritten as
As already seen in Figure 1c , eq 5 shows that the film penetration depth increases logarithmically with t, where the magnitude of this increase is determined by η and r. For a high-AR structure with a known η, eq 5 can thus be used to determine r.
In this work, we determine r using the PillarHall LHAR trenches described in Figure 1a . For a typical process pressure (50 mtorr in this work), the nominal gap height of h = 500 nm is low enough to assume molecular flow, as the mean free path λ mfp ∼0.1 mm ≫h. 22 In this case,
2 th is independent of v th . 13, 15 Together with = for molecular flow in a trench. Using this expression for η, eq 5 can be written as
is the aspect ratio at 50% thickness penetration depth. Without information on t 50% , measuring and plotting z5 0% as a function of ln(t) directly provide the value of r, as the slope is equal to r 1/ 3 4 . This method will be demonstrated in Figure 3 . Note that a different value of t 50% shifts the z̃5 0% data but does not affect the slope and determined value of r. If only one value of z5 0% is known, a rough value of r can be calculated using eq 6 by estimating t 50% from the saturation time of the plasma half-cycle. Both approaches are used here to determine the recombination probabilities of O atoms during plasma ALD of SiO 2 , TiO 2 , Al 2 O 3 , and HfO 2 , under the assumption that film growth by species other than the supplied O radicals can be neglected for these processes.
■ EXPERIMENTAL DETAILS
The depositions were carried out in a commercial ALD system (Oxford Instruments FlexAL) where O 2 /Ar plasma was generated by a remote inductively coupled plasma source operated at 13.56 MHz. 23 The precursors used were SiH 2 (N(C 2 H 5 ) 2 ) 2 (BDEAS), Ti(N(CH 3 ) 2 ) 4 (TDMAT), Al-(CH 3 ) 3 (TMA), and HfCp(N(CH 3 ) 2 ) 3 (TDMACpH) for the growth of SiO 2 , TiO 2 , Al 2 O 3 , and HfO 2 , respectively. In all recipes, a sufficiently high precursor dose was used such that the plasma half-cycles were limiting the film penetration. 13 To properly compare the different plasma ALD processes, the plasma conditions were kept constant (i.e., 100/50 sccm O 2 / Ar gas mixture, 50 mtorr pressure, and 600 W ICP power) and all depositions were carried out at a table temperature set-point of 200°C. Plasma exposure times ranging from 3.8 up to 120 s were used where it is noted that the shorter plasmas have a relatively higher uncertainty due to striking time and other startup effects.
After deposition, the polysilicon membrane of each PillarHall LHAR structure 13,15,17−21 was removed using adhesive tape such that the deposited film and its penetration depth could be analyzed using top-view diagnostics. Figure 2a shows optical microscope images of the structures after deposition and removal of the membrane. Due to thin-film interference, the darker regions correspond to surface area with a deposited film. These regions start at the top, where the cavity entrance was located, and extend downward to a certain penetration depth into the cavity. Different PillarHall versions were used where based on previous results the trench version should not affect the thickness profile of the deposited film. The versions used are as follows (from left to right in Figure  2 ): LHAR4-ADVANCED trench W90 L1020 (3.8, 12, and 38 s SiO 2 ), LHAR3-v1a trench W100L5mm (120 s SiO 2 ), LHAR4 small chip vS2 (12 s TiO 2 ) and vS1 (120 s TiO 2 ), LHAR4-ADVANCED trench W90 L1020 (120 s Al 2 O 3 ), and LHAR4 small chip vS2 (120 s HfO 2 ).
The 50% thickness penetration depths indicated in Figure 2a were determined in Figure 2b from the thickness profiles of the deposited films, which were measured by a Filmetrics F40-UV. This reflectometer has a spot size of ∼10 μm and was used in combination with a motorized mapping stage (Filmetrics StageBase-XY10-Auto-100 mm) to resolve the thickness profiles with a spatial resolution of 5 μm. The displayed data was normalized by the thickness obtained just inside the cavity, which approximately corresponded to 60 nm SiO 2 (400 cycles), 26 nm TiO 2 (400 cycles), 39 nm Al 2 O 3 (300 cycles), and 37 nm HfO 2 (300 cycles).
■ RESULTS AND DISCUSSION
The measurements shown in Figure 2 demonstrate that penetration up to extremely high AR values is obtained for SiO 2 and TiO 2 , approaching AR ∼900 when using 120 s plasma half-cycles. The increase in PD 50% with plasma time confirms that film penetration was limited by the plasma halfcycle. This was also verified for the Al 2 The large difference in film penetration between SiO 2 and TiO 2 on the one hand and Al 2 O 3 and HfO 2 on the other hand indicates that the surface recombination and film conformality during plasma ALD are heavily material-dependent. For SiO 2 and TiO 2 , the surface recombination probability appears to be low enough to meet conformality requirements in very demanding applications, while the Al 2 O 3 and HfO 2 processes should be able to provide conformal film growth on structures with AR values of 10 to 30 within acceptable cycle times.
In Figure 3 , the film penetration z5 0% ≡ PD 50% /h for SiO 2 and TiO 2 is plotted against the natural logarithm of the plasma exposure time used in the ALD cycle, showing a linear relation as expected from eq 6. For these two processes, a very similar slope is found, corresponding to a fitted surface recombination probability of (6 ± 2) × 10 −5 for SiO 2 and (7 ± 4) × 10 −5 for TiO 2 . For the Al 2 O 3 and HfO 2 processes, r is estimated to be in the ranges of (1−10) × 10 −3 and (0.1−10) × 10 −2 , respectively. These rough values of r for Al 2 O 3 and HfO 2 have been calculated directly using eq 6, where t 50% is estimated to lie between 0.2 and 2 s for the Al 2 O 3 process and between 0.2 and 8 s for the HfO 2 process, based on saturation curves reported by Dingemans et al. 24 and Sharma et al. 26 For the SiO 2 and TiO 2 processes, t 50% follows directly from the linear fits shown in Figure 3 , giving 0.25 ± 0.07 and (0.1−2) s, respectively.
The results are summarized in Table 1 , indicating a good agreement with the literature data available. Note that for TiO 2 and HfO 2 no literature values have been found and that the values reported for O atom recombination on SiO 2 or SiO 2based surfaces (i.e., Pyrex or Vycor glass) show a large spread. Aside from the measurement accuracy, several experimental factors such as temperature 28−30 and pressure 31 can cause this spread. Moreover, the surface treatment 29, 32 and roughness 28 can play an important role. This is where our method shows merit in terms of relevance, as it provides the recombination probability on the actual growth surface during plasma ALD. Note that the properties of the saturated surface during plasma and removal of the membrane (note that PillarHall generation 3, which has a smaller pillar spacing than PillarHall-4, was used for SiO 2 growth using 120 s plasma steps). Surface areas with deposited material are darker by thin-film interference. These areas start at the cavity entrance (top) and extend downward to a certain penetration depth. The aspect ratios at PD 50% are indicated in red, as determined in panel (B) from the measured thickness profiles. A strong variation in film penetration depth is observed, revealing that the surface recombination of plasma radicals is highly material-dependent. The Journal of Physical Chemistry C Article exposure could depend on the precursor used (e.g., by residual hydrogen and carbon content), which may also influence the recombination probability. An important open question that has received limited attention in the literature is the fundamental reason behind the material dependence of r. From an atomistic modeling perspective, key factors that play a role are, for instance, the amount of recombination sites and the activation energies for recombination and surface diffusion. 28, 29 Moreover, r could be related to measurable material properties such as surface acidity. 32 By determining values of r for different materials and experimental conditions, our method can help in gaining essential insight into the fundamental mechanisms behind surface recombination.
■ CONCLUSIONS
In conclusion, we have established a powerful and straightforward method to study film conformality during plasma ALD and quantify the recombination probability r of plasma radicals on the growth surface. It was shown that the film penetration depth into high-AR structures is generally limited by surface recombination, in which case an exponential increase in plasma exposure time is required to linearly increase the film penetration. This relation gives direct quantitative information on r, as demonstrated for surface recombination of oxygen radicals during plasma ALD of SiO 2 , TiO 2 , Al 2 O 3 , and HfO 2 . Low values of r on the order of 10 −5 were determined for SiO 2 and TiO 2 , corresponding to extremely deep film penetration approaching an AR of ∼900 at long plasma exposures. In contrast, plasma ALD of Al 2 O 3 and HfO 2 was limited to ARs of ∼80 and ∼40, respectively, with r lying in the range of 10 −3 up to 10 −1 . This shows a strong material dependence in the surface recombination of plasma radicals and film conformality during plasma ALD. For the investigated processes, especially for SiO 2 and TiO 2 , r seems sufficiently low to meet very demanding conformality requirements. We thus provide valuable insights for gaining quantitative knowledge on surface recombination of radicals and the film conformality achievable by plasma ALD. 
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